Abstract-Sympathetic hyperactivity and parasympathetic withdrawal may cause and sustain hypertension. This autonomic imbalance is in turn related to a reduced or reset arterial baroreflex sensitivity and chemoreflex-induced hyperventilation. Slow breathing at 6 breaths/min increases baroreflex sensitivity and reduces sympathetic activity and chemoreflex activation, suggesting a potentially beneficial effect in hypertension. We tested whether slow breathing was capable of modifying blood pressure in hypertensive and control subjects and improving baroreflex sensitivity. Continuous noninvasive blood pressure, RR interval, respiration, and end-tidal CO 2 (CO 2 -et) were monitored in 20 subjects with essential hypertension (56.4Ϯ1.9 years) and in 26 controls (52.3Ϯ1.4 years) in sitting position during spontaneous breathing and controlled breathing at slower (6/min) and faster (15/min) breathing rate. Baroreflex sensitivity was measured by autoregressive spectral analysis and "alpha angle" method. Key Words: baroreceptors Ⅲ blood pressure Ⅲ heart rate Ⅲ hypertension Ⅲ nervous system, autonomic Ⅲ respiration A utonomic imbalance has a major role in the etiology of hypertension. 1-4 Such imbalance, characterized by an increase in sympathetic activity (with a possible reduction in parasympathetic activity), is present not only in early and borderline hypertension but also contributes to the maintenance of sustained hypertension. 2 Moreover, several cardiovascular risk factors frequently associated with hypertension are etiologically linked to sympathetic activation. 2, 5 At least one of the mechanisms associated with this autonomic imbalance is the reduced baroreflex sensitivity. The baroreflex is reduced or reset toward elevated blood pressure values in hypertension, blunting its ability to suppress the increased sympathetic activity. 6 An impairment of the baroreflex has a direct relation to increased 24-hour blood pressure variability, which in turn correlates with the increase in target-organ damage. 7 Furthermore, there are reports indicating a chemoreflex activation in essential hypertension, which can be an additional mechanism responsible for the increase in sympathetic activity. 8 Given the clinical and prognostic value of reducing sympathetic activation and increasing baroreflex sensitivity in hypertension, it is interesting to note that slow breathing at 6 cycles/min increases baroreflex sensitivity in normal subjects and patients with chronic heart failure 9,10 and also reduces muscle nerve sympathetic activity 11 and chemoreflex activation, 12 thus suggesting a potentially beneficial effect in hypertension. However, there is little evidence about the effect of slow breathing on arterial baroreflex in hypertensive patients, although a few recent studies have shown that device-guided breathing exercise may reduce blood pressure in hypertensive patients. 13 This study aims to test whether slow breathing at 6 cycles/min reduces blood pressure in hypertensive and normal subjects, and if this effect is linked to a modification in cardiovascular control mechanisms.
A utonomic imbalance has a major role in the etiology of hypertension. [1] [2] [3] [4] Such imbalance, characterized by an increase in sympathetic activity (with a possible reduction in parasympathetic activity), is present not only in early and borderline hypertension but also contributes to the maintenance of sustained hypertension. 2 Moreover, several cardiovascular risk factors frequently associated with hypertension are etiologically linked to sympathetic activation. 2, 5 At least one of the mechanisms associated with this autonomic imbalance is the reduced baroreflex sensitivity. The baroreflex is reduced or reset toward elevated blood pressure values in hypertension, blunting its ability to suppress the increased sympathetic activity. 6 An impairment of the baroreflex has a direct relation to increased 24-hour blood pressure variability, which in turn correlates with the increase in target-organ damage. 7 Furthermore, there are reports indicating a chemoreflex activation in essential hypertension, which can be an additional mechanism responsible for the increase in sympathetic activity. 8 Given the clinical and prognostic value of reducing sympathetic activation and increasing baroreflex sensitivity in hypertension, it is interesting to note that slow breathing at 6 cycles/min increases baroreflex sensitivity in normal subjects and patients with chronic heart failure 9,10 and also reduces muscle nerve sympathetic activity 11 and chemoreflex activation, 12 thus suggesting a potentially beneficial effect in hypertension. However, there is little evidence about the effect of slow breathing on arterial baroreflex in hypertensive patients, although a few recent studies have shown that device-guided breathing exercise may reduce blood pressure in hypertensive patients. 13 This study aims to test whether slow breathing at 6 cycles/min reduces blood pressure in hypertensive and normal subjects, and if this effect is linked to a modification in cardiovascular control mechanisms.
Methods

Subjects
The protocol of the study was approved by the local ethics committee, and all subjects gave informed consent to participate in the study. We studied 20 patients with essential hypertension (untreated or after 2-week pharmacological washout) and 26 healthy controls. Secondary causes of hypertension were excluded on the basis of negative history and absence of clinical signs, normal renal function, normal serum electrolytes, and normal aldosterone and renin plasma levels. We excluded from the study subjects drinking Ͼ60 g of ethanol per day or consuming licorice, smokers, and women taking oral contraceptives. We avoided testing women during menstrual and premenstrual phases. 14, 15 The Table shows the main anthropometric and laboratory test data.
Protocol
Subjects were examined in the late morning. Light breakfast was permitted during the early morning, but coffee or tea was not admitted on the day of the study. After 30 minutes of quiet rest and familiarization with the laboratory, we obtained recordings of ECG, respiration (by inductive belts), end-tidal CO 2 (side stream capnograph; COSMO, Novametrix), and blood pressure (Pilot model, Colin tonometry) during 5 minutes of spontaneous breathing, 2 minutes of controlled breathing at 6 cycle/min, and 2 minutes of controlled breathing at 15 cycle/min to verify the effect of simple regularization of breathing rate at a frequency in the same range of the spontaneous one. The breathing was controlled by visual instructions and under continuous monitoring of breathing rate by the capnograph. All recordings were obtained with the subject in sitting position and were made in random order.
All signals were acquired continuously on a personal computer (Apple Macintosh G3) at 300 samples per channel and stored on optical disks. From these data, the time series of RR interval and systolic and diastolic blood pressures were obtained. Mean values for these signals were obtained during the various recordings. Breathby-breath end-tidal CO 2 (CO 2 -et), breathing rate, and relative changes in minute ventilation (Vm) and tidal volume (Vt) were also obtained by interactive software written by one of us (L.B.) by the analysis of inductive belt signals and by analysis of the capnograms. The changes in Vm and Vt were calculated as percent increase or decrease from the recordings obtained during spontaneous breathing.
To validate this indirect method, we recorded in each subject the expiratory flow by a heated pneumotachograph (Fleish; Metabo) connected to a mouthpiece, together with the inductive belts, during various respiratory rates and depths. We then compared the amplitude of the inductive signal during each breath with the Vt obtained by electronic integration of the pneumotachographic signal. The correlation coefficient between the Vt or Vm measured with the 2 methods ranged from 0.984 to 0.822 (P always Ͻ0.0001). Thus, the inductive belts could successfully track changes in ventilation in relative terms. Instead, the use of a pneumotachograph during the entire procedure could have altered the spontaneous breathing pattern, as shown previously. 16 The arterial baroreflex sensitivity was measured by spectral analysis using the "alpha-angle" method. 4, 10 This approach is an accepted method for measuring the baroreflex sensitivity. 17 
Statistical Analysis
Data are presented as meanϮSEM. Comparison of variables was done by ANOVA for mixed design (factorial model for differences between groups; repeated measures for differences between breathing rates). If overall significance (PϽ0.05) was observed, then Sheffe' test was used to assess differences between different breathing patterns.
Results
Effects of Slow Breathing on Blood Pressure
In hypertensive subjects, the slow breathing significantly decreased systolic and diastolic blood pressures (from 149.7Ϯ3.7 to 141.1Ϯ4 mm Hg, PϽ0.05, and from 82.7Ϯ3 to 77.8Ϯ3.7 mm Hg, PϽ0.01, respectively; Figure 1 ), with no significant changes in RR interval. During controlled breathing at 15/min, we also found a significant decrease in systolic blood pressure (from 149.7Ϯ3.7 to 142.8Ϯ3.9 mm Hg, PϽ0.05; Figure 1) ; however, diastolic blood pressure did not change significantly, and the RR interval showed a significant shortening (PϽ0.05; Figure 1 ). Controls showed the same trends for RR interval but without significant differences.
Effects of Slow Breathing on Baroreflex Sensitivity
During spontaneous breathing, baroreflex sensitivity was depressed in the hypertensives compared with the controls (PϽ0.001; Figure 2 ). However, breathing at 6 breaths/min significantly increased the baroreflex sensitivity in hypertensive (from 5.8Ϯ0.7 to 10.3Ϯ2.0 ms/mm Hg; PϽ0.01) and control subjects (from 10.9Ϯ1.0 to 16.0Ϯ1.5 ms/mm Hg; PϽ0.001; Figure 2 ). In hypertensive patients, baroreflex sensitivity increased to values similar to those of the controls during spontaneous breathing. Therefore, slow breathing had the effect of acutely normalizing the baroreflex sensitivity in these patients. Conversely, the controlled breathing at 15/min induced only minor and nonsignificant changes in baroreflex sensitivity (from 5.8Ϯ0.7 to 5.4Ϯ0.9 ms/mm Hg; PϭNS) in hypertensive subjects and in controls (from 10.9Ϯ1.0 to 11.4Ϯ1.0 ms/mm Hg; PϭNS).
Respiratory Changes Induced by Hypertension and by Slow Breathing
Hypertensive subjects showed a significantly higher resting respiratory rate (14.55Ϯ0.82 versus 11.76Ϯ1.00; PϽ0.05) and a significantly lower CO 2 -et values compared with control subjects (Figure 3) . During controlled breathing at 6/min, there were no significant changes in CO 2 -et and in Vm. The lack of change in Vm, despite lower breathing rate, was attributable to a significant increase in Vt in hypertensives and controls. Controlled breathing at 15/min induced a marked decrease in CO 2 -et, particularly in hypertensive subjects, and a marked relative increase in Vm and Vt ( Figure 3 ).
Discussion
Main Findings
We found that paced breathing, and particularly slow breathing at 6 cycle/min, reduces blood pressure in hypertensive patients. The reduction in blood pressure during slow breathing is associated with an increase in the vagal arm of baroreflex sensitivity, indicating a change in autonomic balance, related to an absolute or relative reduction in sympathetic activity. Finally, hypertensive subjects showed signs of spontaneous hyperventilation, suggesting that the cardiovascular and the respiratory abnormalities could be linked by a common pattern of excitation that can be, at least in part, modified by adoption of a specific breathing pattern.
Effect of Slow Breathing on Cardiovascular Modulation
There are many possible explanations for the present findings. Slow breathing at 6 cycle/min has the effect of entraining all RR interval fluctuations, thereby causing them to merge at the rate of respiration and to increase greatly in amplitude. This increase in RR interval fluctuations (relative to blood pressure changes) has the effect of enhancing the baroreflex efficiency, 10, 18 and, in turn, might have contributed to lower blood pressure. Additionally, slow breathing may reduce sympathetic activity by enhancing central inhibitory rhythms 19 and, consequently, may also decrease the blood pressure while enhancing the baroreflex. Furthermore, the increase in Vt (deriving from the slowing in breathing rate) activates the Hering-Breuer reflex, 9 which in turn reduces the chemoreflex sensitivity and thus might enhance the baroreflex, with an additional effect on reducing blood pressure and sympathetic activity. 9 -12,20 Whatever the mechanism, it is reasonable to assume that changes in sympathetic activity and in baroreflex sensitivity are interrelated. 20 -22 The increase in baroreflex sensitivity depends on the slow breathing rate and not on the regularization obtained by controlling the breathing because controlled breathing at a fixed and faster frequency (15/min) did not produce such effect. However, it is intriguing to note that controlled breathing at 15/min decreased blood pressure despite a decrease in RR interval and no change in baroreflex sensitivity. A possible speculation is that conscious control of breathing at the faster rate, by markedly increasing Vm, caused sympathetic-induced tachycardia, whereas at the same time, the inspiration-induced stimulation of the intrathoracic stretch receptors might have counteraffected the baroreflex. 23 Alternatively or in addition, a regularization of rhythm during controlled breathing may have entrained central inhibitory rhythms. 19 
Interaction Between Cardiovascular and Respiratory Control
Taking together this and previous studies, 9 -12,19 it seems that slow breathing induces a generalized decrease in the excitatory pathways regulating respiratory and cardiovascular systems. It is important to consider that respiratory and cardiovascular systems share similar control mechanisms, thus alterations in one system will modify the functioning of the other. 20, 21 For example, in essential hypertension, the sympathetic hyperactivity has been found associated with a generalized enhancement of the excitatory pathways, leading not only to sympathetic vasoconstriction, but also chemoreflex activation. 8, 24 Therefore, one can expect that a modification in the respiratory control would affect also the control of the cardiovascular system. Because the breathing is also under voluntary control, it is theoretically possible to induce such changes by voluntary modification of breathing. In turn, this practice might induce with time long-term cardiovascular and respiratory effects, ultimately independent of volitional control. To what extent this is to be expected?
We have shown previously that slow breathing reduces chemoreflex activation; this was shown to occur almost immediately, even in untrained subjects, 9 thus suggesting a reflex origin, but also to persist in subjects with long-term training in slow breathing and even when breathing rate was forced to increase. 12 Furthermore, this was associated with a reduction of sympathetic activation and with an enhancement of the inhibitory pathways, such as the arterial baroreflex. 9, 10 This demonstrated that slow breathing is indeed capable of inducing a modification in respiratory and cardiovascular control, and that appropriate training could induce a longterm effect. In subjects with chronic congestive heart failure, a condition known to induce sympathetic and chemoreflex activation, slow breathing induced a reduction in chemoreflexes and an increase in baroreflex. 10, 25 We have also shown that in these patients, 1-month training in slow breathing could induce prolonged benefits, even in terms of exercise capacity. 25 
Respiratory Modifications in Essential Hypertension
Our data showed that subjects with essential hypertension have a tendency to hyperventilate. Although absolute values of ventilation were not measured in the present study, the higher respiratory rate and the lower values of CO 2 -et clearly point to this conclusion. Our findings are also consistent with previous reports of an enhanced chemoreflex in essential hypertension. 8, 20, 24 This may have important consequences because it is well known that an enhanced chemoreflex can increase sympathetic activity and, in turn, increase blood pressure. 20, 26, 27 Therefore, manipulation of the breathing pattern bears a logical rationale because by using a voluntary stimulus on respiration, we can induce reflex changes on the cardiovascular system.
Our data show that slowing breathing rate does not induce hyperventilation because neither Vm nor CO 2 -et were changed despite the necessary increase in Vt. At the opposite, we found that subjects with long-term practice in slow breathing have higher CO 2 -et levels and lower Vm. 12 Previous studies show that individuals who regularly practice yogic breath control techniques that involve slow breathing, such as yoga 12 and Zazen meditation, tend to have slower baseline respiratory rate. 18 Because the CO 2 is maintained within resting values, the slow breathing is well tolerated by the patients, and therefore it can be maintained for longer time with adequate training.
Study Limitations
In the present study, we did not find a decrease in heart rate during slow breathing (unlike in our previous study of patients with congestive heart failure 9 ). This could have been because of some difficulty in performing the test without any previous training. Data obtained in trained subjects indicate that slow breathing is also associated with a decrease in heart rate and a decrease in ventilation, together with an increase in CO 2 -et. This allows speculation that repetition of the tests after specific training would further enhance these positive effects.
Although we observed clear short-term effects of slow breathing, it remains to be assessed whether these changes persist after resuming normal respiration and whether longerterm practice will lead to stable modifications of blood pressure and of cardiovascular and respiratory control. Further studies are needed to assess the long-term effect on this practice in subjects with essential hypertension in terms of modifications in blood pressure and in terms of the possibility of correction of this respiratory control abnormality.
Conclusions
Several previous studies have reported the increase in sympathetic activity in essential hypertension [1] [2] [3] [4] and underlined its relevance to etiology, 2 progression, and connection with cardiovascular risk. 2, 5 Many pharmacological and nonpharmachological interventions effective in treating essential hypertension, such as ␤-blocking agents, angiotensinconverting enzyme, angiotensin inhibitors, and physical exercise, 4 tend to reduce sympathetic activity. We presented new data indicating that slow breathing acutely reduces blood pressure in hypertension and improves baroreflex sensitivity. We have also shown that hypertensive subjects have a tendency to hyperventilate; and on the basis of our present findings, we suggest that correction of hyperventilation could improve not only cardiovascular but also respiratory control abnormalities.
Perspectives
Slow breathing showed the potential to be a simple and inexpensive method to improve autonomic balance and respiratory control and reduce blood pressure in hypertensive patients. However, the present study only reports acute modifications, and whether an acute effect of respiration on blood pressure and baroreflex sensitivity could be maintained chronically remains to be assessed. Further research is required to establish the long-term reliability of these shortterm findings.
